Available online at www.sciencedirect.com
JOURNAL OF

www.elsevier.com /locate /jpowsour

ScienceDirect

Journal of Power Sources 177 (2008) 493-499

Thermodynamic analysis of the efficiency of high-temperature steam
electrolysis system for hydrogen production

Liu Mingyi, Yu Bo*, Xu Jingming, Chen Jing
Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China

Received 1 October 2007; received in revised form 7 November 2007; accepted 7 November 2007
Available online 17 November 2007

Abstract

High-temperature steam electrolysis (HTSE), a reversible process of solid oxide fuel cell (SOFC) in principle, is a promising method for highly
efficient large-scale hydrogen production. In our study, the overall efficiency of the HTSE system was calculated through electrochemical and
thermodynamic analysis. A thermodynamic model in regards to the efficiency of the HTSE system was established and the quantitative effects
of three key parameters, electrical efficiency (7)), electrolysis efficiency (1), and thermal efficiency (ny,) on the overall efficiency (7overan) of
the HTSE system were investigated. Results showed that the contribution of 7|, 7es, 7 to the overall efficiency were about 70%, 22%, and 8%,
respectively. As temperatures increased from 500 °C to 1000 °C, the effect of 7. on noyveran decreased gradually and the 7., effect remained almost
constant, while the ny, effect increased gradually. The overall efficiency of the high-temperature gas-cooled reactor (HTGR) coupled with the HTSE
system under different conditions was also calculated. With the increase of electrical, electrolysis, and thermal efficiency, the overall efficiencies
were anticipated to increase from 33% to a maximum of 59% at 1000 °C, which is over two times higher than that of the conventional alkaline

water electrolysis.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Large-scale hydrogen production without fossil fuel con-
sumption and greenhouse gas emissions is the key to achieving
the “hydrogen economy”. Currently, massive hydrogen is pro-
duced primarily via steam methane reforming (SMR) and
conventional alkaline water electrolysis. From a long-term per-
spective, methane reforming is not a viable process for massive
hydrogen production, since such conversion processes consume
fossil fuels and emit greenhouse gases [1-7]. Conventional alka-
line water electrolysis is a well-established technique, which is
capable of producing highly pure hydrogen without CO; emis-

Abbreviations: HTSE, high-temperature steam electrolysis; HTGR, high-
temperature gas-cooled reactor; SMR, steam methane reforming; HTR-10, high-
temperature reactor-10; HHV, high-heating value of hydrogen; SOEC, solid
oxide electrolysis cell; SOFC, solid oxide fuel cell; SI, sulfur-iodine.
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sions during the electrolysis process. However, this process
consumes a lot of electricity which results in an unsatisfac-
tory system efficiency (about 27%) and leads to high-operating
costs [8]. An NREL report suggests that electricity costs com-
prise 80% of the total selling price of hydrogen from large-scale
electrolysis [9].

The high-temperature steam electrolysis offers a promising
method for highly efficient hydrogen production. Operation at
high temperatures reduces the electrical energy requirement for
the electrolysis and also increases the efficiency of the power-
generating cycle. In addition, high-temperature systems can
promote electrode activity and lessen the overpotential. There-
fore, it is possible to increase the electric current density and
consequently decrease the polarization losses at high tempera-
tures, which improves the hydrogen production density and the
electrolysis efficiency. Thus, the HTSE process is advantageous
from both thermodynamic and kinetic standpoints [10,11].

The HTGR coupled with the HTSE system can ensure
high-temperature steam electrolysis due to the high-outlet tem-
perature of HTGR (up to 950 °C), thus, the process is expected
to achieve very high and satisfactory thermal conversion
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Nomenclature

AC, heat capacity change of the reaction
(Jmol 'K

E Nernst potential (V)

F Faraday constant (C mol™1)

AG Gibbs free energy change of the reaction
(kJ mol~1)

AH enthalpy change of the reaction (kJ mol~!)

i operating current density (A cm™2)

n number of electrons transferred (n=2)

(0] heat (kJ)

Qel consumed thermal energy used for generating
electricity

OHout thermal energy of unit amount of the produced
hydrogen

Qoverall  total thermal energy demand in the electrolysis
process

O consumed thermal energy in the electrolysis pro-
cess

AS entropy change of the reaction (kJ mol~! K1)

T temperature (K)

Vin thermoneutral potential (V)

Vop operating voltage (V)

Greek symbols

Nel electrical efficiency of HTSE system

Nelectrochem €lectrochemical efficiency of SOEC system

Nes electrolysis efficiency of HTSE system

Nfaraday Faradaic efficiency of SOEC system

Noverall  Overall efficiency of HTSE system

Nsystem System efficiency of SOEC system

Nth thermal efficiency of HTSE system

efficiency while avoiding the challenging chemistry and cor-
rosion issues associated with the thermochemical processes.
A 10-MW high-temperature gas-cooled test reactor, the High-
Temperature Reactor-10 (HTR-10), was operated in 2000 at
the Institute of Nuclear and New Energy Technology (INET),
Tsinghua University, Beijing. This test reactor can be utilized
to develop a modular high-temperature gas-cooled reactor tech-
nology, as well as to establish an experimental base for nuclear
process heat application. INET has started R&D projects for
nuclear hydrogen production through an iodine-sulfur (IS) pro-
cess and a HTSE process which are currently being considered
as potential heat utilization systems for HTR-10. But until now,
few studies have been conducted on the practical limits for the
Noverall Of the HTSE system. Therefore, the objective of this paper
is to examine, in detail, the theoretical efficiency of the HTSE
system and determine the quantitative and qualitative effects of
various factors on the overall efficiency of the HTSE system.

2. The HTSE system

Fig. 1 shows the schematic of the HTSE system. It consists
of two parts, the primary energy system and the solid oxide
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Fig. 1. Schematic of the HTSE system.

electrolysis cell (SOEC) system. HTGR is used as primary
energy for the HTSE system and provides electrical energy as
well as thermal energy to the SOEC system, where the high-
temperature steam is electrolyzed to produce hydrogen and
oxygen. The SOEC reported by Doenitz and Erdle was made
of yttria-stabilized zirconia (YSZ) electrolyte, nickel-zirconia
cermet (Ni+YSZ) cathode and strontium-doped lanthanum
manganite (LSM) anode [4]. The electrolysis efficiency under
the operating temperature of 997 °C was estimated at about 94%
[13]. Another SOEC (Hino et al.) was made of yttria-stabilized
zirconia (YSZ) electrolyte, nickel-zirconia cermet (Ni+ YSZ)
cathode and LaCoO3 anode. The maximum electrolysis effi-
ciency at the operating temperature of 950°C was 86% at a
current density of 98 mA cm ™2 [13].The waste heat can be re-
used in the HTSE system, thus, improving the thermal efficiency.

In addition to operating temperature, the electrical efficiency
(ne1), electrolysis efficiency (nes), and thermal efficiency (1)
have significant influence on the overall efficiency (1overal1) of the
HTSE system. The 7] refers to the power-generation efficiency
of HTGR and is given by

AG
Nel = ? (1

where AG is the generated electrical energy and Q is the con-
sumed thermal energy used for generating electricity.

The nes refers to the overall efficiency of the SOEC system,
including electrochemical efficiency (7electrochem)s Faradaic effi-
ciency (MFaraday)» and system efficiency (Msystem)- Melectrochem is
Vop(@,T)/E(T), in which V,(i,T) is approximately proportional
to current density i at elevated temperature, where Vo, (i,T) is the
operating voltage of the SOEC system at a given current den-
sity i and operating temperature 7, and E(7T) is Nernst potential
of the SOEC system at temperature 7. system 1S the parasitic
energy consumption of the SOEC system resulting from para-
sitic losses, such as resistance of pipeline, pumping work, ac—dc
conversion, etc. The nes is given by

Nes = TeletrochemFaraday Msystem 2

The ng refers to the thermal utilization efficiency of the
HTSE system. It considers the thermal exchange efficiency
between the HTGR and the SOEC system, the heat dissipation
of the HTSE system, the heat consumption for preheating excess
steam, hydrogen at the cathode, and oxygen at the anode, as well
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as the waste heat recycling. The ny, is given by

Osoec _ Tintet — Toutlet 3)
Tinlet

where Qprar is the thermal energy from HTGR, Qsogc is the
consumed thermal energy in the SOEC system, Tipe; is the outlet
temperature of HTGR, and Ty is the outlet temperature of the
SOEC system.

3. Thermodynamic model

3.1. Thermodynamics of steam electrolysis

The reaction of steam electrolysis is given by

H,O — H; +(1/2) 0, 4)
The total energy required AH(T) is Q(T) and AG(T)
AH(T) = AG(T) + O(T) Q)

where Q(T)=TAS(T).The thermoneutral potential Vi,(T) is
given by Vi (T)=AH(T)/2F, where AH(T) is the standard
enthalpy of the reaction at 7.

Standard thermodynamic parameters such as AH(T), AG(T),
and AS(T) are functions of temperature. Therefore, the standard
thermodynamic parameters at different temperatures can be cal-
culated according to Kirchhoff’s equation, entropy equation and
the relation between AG and Nernst potential. These equations
are given by [12]:

T
AH(T) = AH®33.15 + / AC,dT (6)
298.15
o T ACP
AS(T) = §°298.15 + = dar @)
298.15
AG(T)
E(T)=— (8)
nk

The Nernst potential at temperature 7 from Eq. (8) is
considered to be under the standard pressure conditions for reac-
tants and products. Table 1 shows the standard thermodynamic
parameters at 298.15 K and 101.325 kPa. The thermodynamic
parameters at the range of 298.15-1473.15 K were calculated
according to Egs. (6)—(8) and shown in Fig. 2. The results show
that AH(T) increases slightly with the increase of temperatures,
while AG(T) decreases, due to the increase of Q(T). The ratio
of AG(T) to AH(T) is about 93% at 373.15 K and about 70% at
1273.15 K. The decrease demand of electrical energy increases
the thermal-to-hydrogen energy conversion efficiency. In addi-
tion, the high temperature also promotes electrode activity and
lessens the cathodic and anodic overpotential, which decreases
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Fig. 2. Energy demand for water and steam electrolysis.

3.2. Efficiency modeling of the HTSE system

The electrical energy consumed in the electrolysis process
can be expressed as

AG = 1ne1Qel ©))

where Q) is the consumed thermal energy from HTGR used for
generating electricity. Then, the total thermal energy (Qoverall)
required in the electrolysis process from HTGR can be expressed
as

Vop(i’ T) + Vin(T) — Vop(i, T)
Nel Tth

Ooverall = Qel + O = 2F

(10)

where Q¢ and 2FVp(i,T)/ne is the consumed thermal energy
for generating electricity, and Qw and 2F(Vin(T) — Vop(i,1))/ 0
is the thermal energy demand in the electrolysis process.

The noverann of the HTSE system can be defined as the
ratio of the energy carried by unit amount of produced hydro-
gen (OH,our), in terms of a high-heat value of hydrogen
(HHV =285.8kJ mol 1), to the Qgveran in the steam electrolysis
process [10]. Therefore, the noyeran can be expressed as

Noverall = QH’Out = HHY
Qoverall Qe + O
_ HHV
B [2F(Vop(ia T)/Nel + (Vin(T) — Vop(i’ T)/nm)]
(1)
Following Eqs. (5) and (8), and the equation of

E(T)/Vop(i,T) = nes, Eq. (11) then becomes:

HHV
12)

Noverall =

the energy loss and increases the 7)¢s during the steam electrolysis
process. Therefore, higher ngyerann for hydrogen production can
be expected at higher operating temperatures [10,13].

AG(T)/ne1es + Ou(T)/nh — (AG(T)/neanm)(1 — nwn)

where AG(T)/ne1nes is the actual thermal energy consumed for
electricity generation.

On(D/nn — (AG(D/neinm)(l —nes) is  the actual  ther-
mal energy demand in the electrolysis process, where
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Table 1

[12,14] Thermodynamic parameters for the HTSE at 298.15K and 101.325 kPa

AG (kJmol™1) AH(Jmol~!) S (kJmol~1) AVypH (kI mol™!) Heat capacity (Cp, Jmol~! K=1)
H; (g) 0 0 0.131 - (29.07-0.836) x 1073T+20.1 x 10~772
0 (g) 0 0 0.205 - (25.72+12.98) x 10737 —38.6 x 107772
H,0 (1) 237.2 285.8 0.07 40.7 75.30

H,0 (2) - - -

- (30.36+9.61) x 10737+ 11.8 x 107772

(g) and (1) refer to gas phase and liquid phase, respectively.

(AG(D)/neinm)(1 — nes) is the thermal energy converted from
polarization and Ohmic losses during the electrolysis process.
We can see that ngyeran 1S €xamined as a function of indi-
vidual efficiencies of 1|, nes, and 1y, Which cover almost all
of the energy losses in the actual HTSE process for hydrogen
production.
The total differential equation of the ngyeran 1 Written as

0 d 0
Aoverall = Noverall dne + Noverall dnes + OMoverall dng (13)
el Mes M
where
Moverall _ HHV x AG(T)/7es

4. Results and discussion

4.1. Effect of ne;

Fig. 3 shows the effect of 1e] on ngyeral. As shown in Fig. 3,
the ne has a significant effect on the noverall, fOr 0noverall/0nel
values in the range of 1.175 and 1.062, which reveals that noverall
changes more than one unit when the 7 changes one unit. On
the other hand, as 7, increased from 40% to 52%, the effect of
Nel ON Noverall decreased gradually with a linear relationship at
different temperatures. And with the increase of 7 from 500 °C to
1000 °C, the effect of ne] on Noyeran also decreased gradually and

M [AG(T)/neines + Qu(T)/nim — (AG(T)/1esnin)(1 — nes) 102

Moverall _ HHV x AG(T)(1/1e1 — 1/1ntm)

(14)

5)

Mes  [AG(T)/Meines + Qn(T)/ 1 — (AG(T)/mesnin)(1 — nes) P

OMoverall _ HHV x [Qh — (AG(T)/Nes)(1 — nes)]

(16)

Mn [AG(T)/neimes + On(T) /N — (AG(T)/Mesnn)(1 — nes)* 02,

In order to analyze the effects of 7e|, 7es, and 1 0N Noveralls
the range of each variable parameter was assumed as follows:

(1) ner: 40-52%
2) es: 60-100%
(3) nm: 30-90%
4) T: 500-1000 °C.

a )ﬂ overall” d )Tlel

T * T b T g T % T L T X T i
0.40 0.42 0.44 0.46 0.48 0.50 0.52
Electricity efficiency (ng)

Fig. 3. Effect of ne1 on noverall (Nes: 100%, nin: 90%).

the reducing velocities of the 0ngverall/0ne1 values raised with the
increase of ne1. Therefore, the effect of ne; on noveranl decreased
with increasing 71,1 and 7.

4.2. Effect of Nes

As shown in Fig. 4, the effect of 1 0n ngyeral 1S not as observ-
able as ne). The values of 9ngyerall/0nes are only in the range of

0.44
0.42
0.40 —m— 500°C
| —e— 600°C
, 0.38- —A— 700°C
[} 4
= —w— 800°C
= 0367 —&— 900°C
% 0341 —4— 1000°C
[T 4
5 i
= 0.32 1
™ 0.30
0.284
0.26 -
0.24 -
T

T T T T T T T
0.6 0.7 0.8 0.9 1.0
Electrolysis efficiency (1gs)

Fig. 4. Effect of nes on Noverall (Ne1: 45%, nin: 90%).
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Fig. 5. Effect of g on noveranl (Mel: 45%, nes: 100%).

Table 2
The 9noveran/Onel values of different ne at various temperatures

Temperature (°C) e

04 042 044 046 048 050 052

500 1.175 1.1658 1.1568 1.1479 1.1391 1.1304 1.1218
600 1.1719 1.1613 1.1508 1.1405 1.1304 1.1203 1.1105
700 1.1685 1.1565 1.1446 1.1329 1.1214 1.11 1.0988
800 1.165 1.1514 1.138 1.1249 1.112 1.0993 1.0869
900 1.1611 1.1459 1.1311 1.1166 1.1023 1.0883 1.0746
1000 1.1568 1.1402 1.1238 1.1078 1.0922 1.0769 1.0619

0.426 and 0.251. With the increase of nes from 60% to 100%, the
effect of nes on noveranl decreased at different temperatures, and
the trends were non-linear. On the other hand, as temperatures
increased from 500 °C to 1000 °C, the effect of nes On Noverall
almost stayed constant, as shown in Fig. 4, which demonstrated
that the operating temperatures had little influence on the effect
of 7es ON Noverall -

4.3. Effect of nm

Fig. 5 shows the effect of ny on noverann. With the increase
of g, from 30% to 90%, the effect of n on Noyeran diminished
rapidly at different temperatures, as shown in Fig. 5. The chang-
ing trends showed the exponential relationship, which revealed
that the values of 01overail/onm changed rapidly at low ng, (e.g.

Table 3
The 9noverall/Ones values of different 7es at various temperatures

Temperature (°C) Nes

0.6 0.7 0.8 0.9 1
500 0.4234 0.3702 0.3264 0.2899 0.2593
600 0.4239 0.3699 0.3255 0.2887 0.2578
700 0.4245 0.3695 0.3246 0.2874 0.2562
800 0.4250 0.3691 0.3236 0.2860 0.2546
900 0.4255 0.3687 0.3225 0.2845 0.2529
1000 0.4259 0.3681 0.3213 0.2830 0.2511

Table 4
The 0noveranl/Onm values of different ny, at various temperatures

Temperature (°C) Nth

0.5 0.6 0.7 0.8 0.9
500 0.1556 0.1136 0.0865 0.0681 0.055
600 0.1787 0.1314 0.1007 0.0796 0.0645
700 0.202 0.1496 0.1153 0.0915 0.0744
800 0.2254 0.1682 0.1304 0.104 0.0848
900 0.2489 0.1872 0.1459 0.1169 0.0958
1000 0.2725 0.2066 0.162 0.1304 0.1072

Table 5
The average values of 9noverall/Mefficiency at various temperatures

Temperature (°C)  Normalized average values of 9noverall/dnefficiency

OMoverall/OMNel OMoverall/OMes Moverall/IMth

500 72771 21.160 6.070
600 71.978 21.020 7.002
700 71.173 20.879 7.948
800 70.353 20.734 8.912
900 69.521 20.588 9.891
1000 68.676 20.437 10.888

below 50%), and changed slowly with the increase of ny. The
values of 9ngveral/Onm dramatically decreased from 0.552 to
0.055 when ny, escalated from 30% to 90%. During practi-
cal operating processes, the iy, of the HTSE system is usually
above 50%. Therefore, ng, values from 50% to 90%, which cor-
responds to dnoverall/ 0Nt values between 0.272 and 0.055, do not
have as much effect on 7gyera] @s compared to ne; and 7eg. Con-
sequently, the qualitative effects of electrical, electrolysis, and
thermal efficiency on ngyeran1 can be ordered as 1e] > fes > Nith,
which is consistent with the conclusion by Shin et al. [8].
The quantitative effects on the ngyeral are shown in the next
section.

In addition, as temperatures increased from 500°C to
1000 °C, the effect of ng on noyerann increased gradually, as

u —_—
70 " . .
60
£ 50- N
2 —e—n,
3
£ 40- —A—n,
o
=
B 30
2
g 204 L L ] L ] ® L ] L]
o
i e
L A A
0 T T T T T T T T T - T
500 600 700 800 300 1000

Temperature (°C)

Fig. 6. Quantitative effects of ne, nes, and 7, 0N Noverall at various temperatures.
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Table 6
Electrical efficiencies of HTGR at different temperatures
Temperature (°C) nel (%)
500 40
600 42
700 45
800 47
900 50
1000 52

shown in Fig. 5. This is in contrast to what was seen for
nel (Fig. 3). This demonstrated that the effect of ny on
Noverall diminished with increasing 7y, and decreasing operating
temperatures.

4.4. Quantitative analysis of the Nei, Nes, and Ny, effects

Tables 2—4 shows the dnoverall/Onetficiency values of different
efficiencies at various temperatures. As shown in these tables,
the values of 9noverall/OMefficiency are variable at different efficien-
cies and temperatures, but the distinction of these values are not
significant. Therefore, the average values of 9noverall/Mefficiency
at different efficiencies are calculated and normalized, shown
in Table 5, for quantitative comparison of the effects of ne|, 7es,
and 1y, On Noveran at different temperatures. Fig. 6 obtained from
Table 5 illustrates the quantitative effects of 1, 7es, and 1. With
the increase of temperatures, the . effects decrease slightly, and

Table 7
Overall system efficiencies under various conditions

Nes Noverall
nth =50% Nth = 60% Nth =70% Nth =80% Nth =90%

T=500°C (ne] =40%)

60% 0.3704 0.3530 0.3415 0.3334 0.3273

80% 0.3961 0.3935 0.3917 0.3903 0.3892

100% 0.4132 0.4226 0.4295 0.4348 0.4391
T=600°C (ne] =42%)

60% 0.3971 0.3790 0.3671 0.3586 0.3523

80% 0.4186 0.4174 0.4166 0.4160 0.4155

100% 0.4327 0.4445 0.4533 0.4602 0.4656
T=700°C (ne) =45%)

60% 0.4360 0.4165 0.4037 0.3945 0.3877

80% 0.4504 0.4510 0.4515 0.4518 0.4520

100% 0.4595 0.4746 0.4860 0.4949 0.5020
T=800°C (ne =48%)

60% 0.4746 0.4544 0.4409 0.4313 0.4242

80% 0.4807 0.4837 0.4859 0.4875 0.4888

100% 0.4845 0.5032 0.5175 0.5288 0.5379
T=900°C (ne; =50%)

60% 0.5000 0.4805 0.4675 0.4582 0.4513

80% 0.5000 0.5057 0.5099 0.5130 0.5155

100% 0.5000 0.5221 0.5392 0.5527 0.5637
T=1000°C (ne1 =52%)

60% 0.5243 0.5062 0.4941 0.4854 0.4788

80% 0.5180 0.5268 0.5333 0.5383 0.5422

100% 0.5143 0.5400 0.5600 0.5760 0.5890

the ny, effects increase slightly, while the 7., effects stay almost
constant which are similar to the conclusions reached in Sec-
tions 4.1-4.3. The quantitative effects of the 7.1, nn, and ny, are
about 70%, 22%, and 8%, respectively.

4.5. Calculations of the Woyerall

According to the research progress on the HTR-10 in
Tsinghua University, the actual electrical efficiencies of HTGR
at different temperatures, shown in Table 6, were assumed [15].
Table 7 shows the calculated results of the overall system effi-
ciencies under various conditions. As shown in Table 7, with the
increase of 7e|, Nes, and ng,, the overall system efficiencies are
anticipated to be from 33% to 59%, and the maximum 7qyera]) Can
reach 59% at 1000 °C. Compared with the ngyera of well devel-
oped conventional alkaline water electrolysis, which is about
27%, the efficiency of the HTGR coupled with the HTSE system
is over two times higher than that of the conventional alkaline
water electrolysis.

With the increase of temperatures, not only does the electrical
energy demand reduce greatly, but ¢ and 7.5, which influence
much on the ngyerall, are also improved significantly. As a result,
the noveranl Of the HTSE system is highly increased. Therefore,
the HTSE system is much more efficient than low-temperature
water electrolysis systems such as alkaline water electrolysis and
solid polymer electrolyte (SPE) water electrolysis. This HTSE
system can be considered as a promising way for highly efficient
large-scale hydrogen production.

5. Conclusions

In this work, the overall efficiency of the HTSE system was
analyzed. A thermodynamic model of the HTSE system effi-
ciency was established, and the effects of 7., nes, and ny on
Noverall Of the HTSE system were investigated. Furthermore, the
overall efficiencies of the HTSE system under different condi-
tions were calculated. The results showed that:

The qualitative effects of electrical, electrolysis and thermal
efficiency on the 7ngyeranl Were in the order 7ne) > nes > - The
quantitative effects of ne1, 7, and ny were about 70%, 22%,
and 8%, respectively.

As temperatures increased from 500 °C to 1000 °C, the effect
of 1e] on Noverarl decreased gradually, and the effect of n.g stayed
almost constant, while the effect of ny, increased gradually.

The noyeranl of the HTGR coupled with the HTSE system were
expected to increase from 33% to a maximum of 59% at 1000 °C,
which is over two times higher than that of the conventional
alkaline water electrolysis.
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